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Abstract

:

Olive oil and pig productions are important industries in Portugal that generate large volumes of wastewater with high organic load and toxicity, raising environmental concerns. The principal objective of this study is to energetically valorize these organic effluents—piggery effluent and olive mill wastewater—through the anaerobic digestion to the biogas/methane production, by means of the effluent complementarity concept. Several mixtures of piggery effluent were tested, with an increasing percentage of olive mill wastewater. The best performance was obtained for samples of piggery effluent alone and in admixture with 30% of OMW, which provided the same volume of biogas (0.8 L, 70% CH4), 63/75% COD removal, and 434/489 L CH4/kg SVin, respectively. The validation of the process was assessed by molecular evaluation through Next Generation Sequencing (NGS) of the 16S rRNA gene. The structure of the microbial communities for both samples, throughout the anaerobic process, was characterized by the predominance of bacterial populations belonging to the phylum Firmicutes, mainly Clostridiales, with Bacteroidetes being the subdominant populations. Archaea populations belonging to the genus Methanosarcina became predominant throughout anaerobic digestion, confirming the formation of methane mainly from acetate, in line with the greatest removal of volatile fatty acids (VFAs) in these samples.
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1. Introduction


The food industry is an economically important industrial sector [1], in which segments, such as olive oil and animal productions, play a relevant contribution. In Portugal, olive oil production is one of the most significant food industries, with 66,532 tons of virgin oil produced in 2014 [2]. On the other hand, pig industry, being one of leading animal and food economies worldwide as well in Portugal, provided about 2,615,000 heads in 2017 [2] that accounted for 1.2% of European production.



The three-phase olives processing system is identified with the use of large volumes of water and, consequently, with large amounts of olive mill wastewaters (OMW) that must be treated [3,4]. OMW has a high chemical oxygen demand COD content, usually up to 200 g/L, an acidic pH (between 4 and 6), and high content in solid matter (up to 20 g/L) [4,5,6,7]. Additionally, it contains minerals (potassium, sodium, and calcium), fermentable proteins, resinous and serous substances, vitamins, and small amounts of olive oil [3,8,9]. OMW has a reddish to black color, given by recalcitrant compounds (lignin and other polyphenols) and cellulosic compounds [3,6]. The phenolic compounds are phytotoxic and microbial inhibitors [8,10,11]. This effluent contains water (80–95%) and is rich on sugars (fructose, mannose, glucose, saccharose, sucrose, among others), long chain and volatile fatty acids. The composition of this wastewater changes with the type and region of origin of the olives, the ripeness of the olives, and the way of processing and handling.



With regard to pig farming, the large and intensive animal production results in large amounts of manure, part of which can end up in the sewage system. Piggery effluent (PE) is responsible for gas emissions, notably greenhouse gases and nitrogen-based gas (ammonia and nitrous oxide) [12,13]. So, to safely dispose of PE, it is always necessary to provide a treatment process for the manure. PE comprises two fractions: The solid, with animal excrement and food leftovers, and the liquid fraction, containing urine and water from washing and disinfections. It is rich in organic matter, solid residues (usually above 40 g/L), and nitrogen (mostly ammonia) [14,15]. Moreover, it contains high amounts of phosphorus and potassium and other compounds that create bad odors (e.g., volatile fatty acids and phenolic compounds). Additionally, proteins, lipids, and cellulosic components are also present [14].



Anaerobic digestion is a complex biochemical process based on close interactions between various microorganisms, bacteria, and archaeal species, that includes several steps, as hydrolysis, acidogenesis, acetogenesis, and methanogenesis, resulting in the production of methane (CH4), carbon dioxide (CO2), and water (H2O). During the process, a coordinated metabolism is carried out by different groups of microorganisms, which can be affected by various environmental factors, such as temperature, pH, volatile fatty acids, ammonia, nutrient balance, or the presence of toxins and inhibitors [16,17,18].



The harmful characteristics of OMW for the anaerobic process have been overcome with previous procedures providing composition substrate change. Dilution with water, chemical correction, and physical, chemical, and biological treatments, individually or in combination, are pre-treatment actions that present the disadvantages regarding the water consumption and the consequent increase in the flow volume to be treated and the possibility of arising new compounds more toxic/recalcitrant than the originals [19]. Other economic factors concern the loss of part of the organic load contained in the substrate and the inherent decrease in the available energy potential, as well as the cost of the pre-treatment equipment itself and its operation. Proposals applying co-digestion present constraints related to the efficiency of the influent degradation, gas production, and process stability [19,20,21].



Alternatively, the concept of effluents complementarity has been studied for application in anaerobic digestions of unbalanced and/or concentrated substrates and even those that may have inhibitory or recalcitrant capacities, as OMW. It was intended by the authors, therefore, to provide the addition of certain components in deficit in one of the effluents and/or promote the dilution to reduce the toxic effect, using another effluent/residue that is produced in the same region [22,23]. PE was used to complement and dilute OMW allowing the substrate conversion [24,25]. The correlation among the microbiota and compounds presented in digestate (biomolecules, as the bioactive compounds) from the phenolic substrates anaerobic process, like OMW, provided a new insight on the diversity of anaerobic digestion abilities [26]. In addition to the biofertilizer and the energy carrier vector (biogas/methane) from anaerobic digestion, added value compounds can simultaneously be obtained [27].



The development of sequencing techniques for the 16S rRNA gene increased the accuracy and confidence in the genotypic identification of microorganisms. More recently, with high-throughput sequencing technology, highly efficient for identifying the entire profile of microbial communities, it is possible to provide sufficient sequencing depth to cover complex microbial communities, and to establish taxonomic relationships between bacteria or groups of archaea [28]. Next-Generation Sequencing (NGS) is one of these recent techniques that, despite their ability to only produce very short reads, has generated a huge number of sequences available at low cost to explore microbial structure with higher resolution [29], and its changes under environmental conditions [30].



This research will assess the structure of microbial communities, that were involved in the anaerobic digestion process carried out under the concept of substrates complementarity. NGS technique was applied to characterize microbial composition and to identify how this was affected by different degrees of inhibiting environments. Based on previous works, the OMW and PE were selected as experiment substrates to attend the purpose. This study is a contribution to the process optimization by means of knowledge of involved microbiota, to improve the efficiency of anaerobic digestion.




2. Materials and Methods


2.1. Substrates Sampling


The olive mill wastewater (OMW) was collected from an olive oil mill located in Rio Maior, Portugal, which works with three-phase continuous extraction process.



The piggery effluent (PE) was obtained in VALORGADO Company (Salvaterra de Magos, Portugal). The effluent produced in the piggery was directed to a solid-liquid separator device, located outside in the farm, which is later sent to the stabilization ponds. The liquid fraction supplied, was free of most of the solids content and was used as the substrate in this study.




2.2. Anaerobic Digestion Experimental Set-Up


The experiment was carried out in triplicate under batch conditions, using 165 mL-glass vials with a useful volume of 40 mL and leaving 125 mL of headspace. Table 1 shows all the mixtures tested and the process experimental time.



Anaerobic conditions were ensured by de-aerating mixtures and vials with nitrogen gas and sealing. The test units were incubated at constant temperature of 37 ± 1 °C.




2.3. Analytical and Chromatograph Methods


Performance of the process was monitored by analytical characterizations of all samples and by the volume and quality of the obtained biogas. Total and volatile solids (TS, VS), chemical oxygen demand (COD), total nitrogen (Kjeldahl, TN), ammonium (NH4+-N), and pH, were assayed according to standard methods [31]. The total content of phenols was determined by a colorimetric method [32], using caffeic acid as the standard for the calibration curve. To measure the antioxidant capacity, a radical scavenging activity of samples against a stable DPPH radical (2,2-diphenyl-2-picrylhydrazyl hydrate) method was used [33]. A calibration curve was made using a Trolox 1.5 mM solution as the standard antioxidant (dissolved in ethanol), made in triplicate. The radical activity was calculated following antioxidant activity Equation (1):


%DPPH inhibition = [(Absb − Abss)/Absb] × 100



(1)




where: Absb is the absorption of blank (t = 0 min), Abss is the absorption of tested sample (t = 30 min). The antioxidant activity was expressed in TEAC (Trolox Equivalent Antioxidant Capacity). The decreasing of the DPPH solution absorbance indicated an increase of the DPPH radical-scavenging activity [34].



Analytical measures of described parameters were performed at the beginning (IN) and at the end (OUT) of the assay experimental time. The biogas production was monitored daily with a pressure transducer, expressed to standard conditions of temperature and pressure (STP: 0 °C, 1 bar) defined by IUPAC (International Union of Pure Applied Chemistry). The methane content of biogas, collected in each unit headspace, was measured by the injection of 0.5 mL gas sample weekly into a gas chromatograph (Varian CP 430-GC), equipped with a thermal conductivity detector and a Porapack S column of 1/8′’x 3 m. Column, injector, and detector temperatures were 50, 80, and 100 °C, respectively. Nitrogen was utilized as the carrier gas (20 mL/mn). Quantification of each gas produced was performed by comparing the obtained graphical peak areas with patterns of an injected gas mix at the beginning of each analysis. Volatile fatty acids (VFA) were evaluated by using a gas chromatograph (Hewlett Packard 5890), furnished with a flame ionization detector and a 2 m × 2 mm Carbopack B-DA/4% Carbowax 20 M (80–120 mesh) column. Nitrogen was the carrier gas (30 mL/mn). Temperature of the column, injector, and detector was 170, 175, and 250 °C, respectively. Total VFAs (acetate, propionate, butyrate, iso-butyrate, iso-valerate, and valerate) concentrations were expressed as acetic acid.



The biogas production was followed for about 73 days. All values of methane yield (L CH4/kg SVin) are presented under STP conditions and divided by the mass of volatile solids of substrate fed in the beginning of the assay. The primary energy yield (kWh/kg VSin) of the tested mixtures was calculated using the lower methane heating value of 9.97 kWh/m3 CH4.




2.4. Molecular Analysis


2.4.1. DNA Extraction and MiSeq Sequencing (Next-Generation Sequencing, NGS) of 16S rRNA Gene Amplicons


An aliquot of each sample, in triplicate, was collected at the beginning (IN) and at the end (OUT) of the experiment, was merged and homogenized for DNA extraction and molecular analysis. DNA extraction was made as described by Zhou et al. [35] and adapted for these samples by Eusébio et al. [7]. After chloroform-isoamyl alcohol steps, add 0.01 volume of 10 mg/mL RNAse. The aqueous phase was precipitated with 0.6 volume of isopropanol and 0.1 volume of 2.5 M C2H3NaO2 solution and was kept at −20 °C for 1 h. The pellet of crude nucleic acids was recovered by centrifuging at 12,800× g for 20 min. Then, cold ethanol 70% was added, left overnight at −20 °C, centrifuged at 12,800× g for 20 min, and resuspended in TE solution (10 mM Tris.HCl, pH 7.5, 1 mM EDTA). The extracted DNA was pooled, quantified, and checked for purity using QubitTM (Thermo Fisher Scientific, Wilmington, USA) prior to storage at −20 °C.



NGS was performed at STAB VIDA facilities (Lisbon, Portugal). For NGS, V3 and V4 regions of bacterial and archaeal 16S rRNA gene were amplified with universal primers 515F (GTGCCAGCMGCCGCGGTAA)—806R (GGACTACNNGGGTATCTAAT). Library construction was performed using the Illumina 16S Metagenomic Sequencing Library preparation protocol [36]. The generated DNA fragments (DNA libraries) were sequenced with MiSeq Reagent Kit v3 in the lllumina MiSeq platform, using 300 bp paired-end sequencing reads.




2.4.2. Data Analysis


The bioinformatics analysis of the generated raw sequence data was carried out using the Quantitative Insights into Microbial Ecology (QIIME2, version 2018.11) [37]. The reads were denoised using the Divisive Amplicon Denoising Algorithm 2 (DADA2) plugin [38], where the following processes were applied: Trimming and truncating low quality regions; dereplicating the reads; filtering chimeras. After denoising, the reads were organized in features, which are operational taxonomic units (OTUs), and a feature table was generated using the plugin feature-Table (https://github.com/qiime2/q2-feature-Table), with each feature being represented by exactly one sequence. After applying the plugins Alignment [39], Phylogeny [40], and Diversity (https://github.com/qiime2/q2-diversity), a pre-trained sk-learn classifier [41] based on the SILVA [42] (release 132 QIIME) with a clustering threshold of 97% similarity was applied to generate taxonomy tables. Taxonomic classification was achieved by using the plugins Feature-classifier (https://github.com/qiime2/q2-feature-classifier) and Taxa (https://github.com/qiime2/q2-taxa), where only OTUs containing at least 10 sequence reads were considered as significant. The sequencing reads were deposited into the NCBI short reads archive database (SRA Accession Number: PRJNA697960).






3. Results and Discussion


3.1. Chemical Composition of Effluents


OMW and PE are substrates that contain very high concentrations of organic compounds (106 and 93 g/L COD, respectively), as shown in Table 2, what indicates a great potential for the production of biogas/methane. In addition, the composition of these effluents has characteristics that complement each other, mainly in terms of acidity and nitrogen contents (Table 2 and Table 3), allowing the joint mass in digestion to present characteristics that are favorable to a better and fast start/development of the anaerobic process.



Both effluents have a VFA composition that includes several different acids, yet comparatively, OMW presents the acetic acid as the main component (about 40%, Table 3) and a total VFA concentration much lower than PE (0.55 versus 5.64 g/L Aac). If, on the one hand, the main OMW compounds are preserved in the oil produced and may therefore be found in smaller quantities in the oil production effluent, on the other hand, the high concentrations of the different acids contained in the PE, such as propionic, isobutyric, and butyric acid, denounce some degradation of the collected flow, which probably results from the way of handling the piggery effluent given its passage through a solid-liquid separator to remove the solids.



The inhibitory ability of OMW due to the total phenols content of about 3 g/L, associated with the acidic pH, can be minimized by the addition of PE, which presents a smaller concentration on phenols (0.9 g/L) and a neutral/basic pH value. The latter effluent is also characterized by a good antioxidant activity, with more than 80% inhibition of the radical (Table 4).



The chemical composition of OMW is in line with the average composition found in literature (e.g., [3,43]). PE is an atypical effluent since its content in organic matter and nitrogen is higher than values reported by other authors (e.g., [44,45]). This can be explained by the conditions of raising the animals and the effluent management carried out in this farmhouse in which, as mentioned, the solid fractions of the PE, mainly lignocellulosic materials, were previously removed from the flow.




3.2. Anaerobic Digestion of PE and OMW Mixture


Cumulative biogas production was registered in all tested mixtures without any “lag” phase (Figure 1) and around 0.12 L was obtained in all units, 13 days upon start-up. From then onwards, it was observed that the units containing 70P + 30O and PE reached the highest volumes in cumulative biogas (about 0.78 L) and with the best gas quality of the entire experiment (70–71% CH4). Comparatively, the better behavior showed by 70P + 30O mixture than by PE (Figure 1) suggests that PE is an unbalance substrate and may contain inhibitory components for the anaerobic process. Effectively, the slow evolution in biogas production that was observed at the beginning (around the first 10 days), indicates that some biomass adaptation process occurred. Subsequently, the sharp drop in biogas after day 34 still suggests a limitation in the load degradation capacity. Units with 50P + 50O presents a typically diauxic curve, with two clearly distinct growth phases. First, a stable period without increasing biogas production was maintained for a period of about 20 days, reaching a volume of 0.22 L, approximately. Then, more biogas was produced until the end of the assay and values of around 0.33 L were obtained. This performance can be understood as the result of the sequential metabolization of substrates, simultaneously with the adaptation of microorganisms to degrade the polyphenols present in OMW. In consequence, substrates were more available for biogas producers, as methanogens. This inhibition phenomenon is clear evident in the digestion of 20P + 80O mixture, where biogas volumes and methane proportion remained very low throughout the experiment (0.12 L cumulative biogas with 6% CH4).



The highest percentages of PE (≥70%) in the mixture provided greater organic matter removals (63–75% COD, 17–21% TS, 29–36% VS, Table 5). On the contrary, the proportion increase of OMW in the mixture has a negative effect on the performance of the anaerobic treatment, showing how strong the inhibitory capacity of this effluent is on the microbial process only standing a small proportion of about 30% in the mixture with PE. On the other hand, it is interesting to note that the inhibitory effect caused by OMW seems to have been compensated through the balance found in the complementarity with acidity and nutrients, therefore the mixture 70P + 30O provided better results in the removal of solids and COD (Table 5) than PE without mixtures. The mitigating inhibitory effects were also reported when complementary substrates were anaerobically digested [46].



Concerning polyphenols, an increase in concentration was observed as the OMW volume rose in the substrate, as was expected to occur (Table 6). The PE and 20P + 80O mixtures showed the lowest removal values, and despite the small initial phenolic concentrations of PE, the microorganisms did not display the ability of removing them. On the other side, the highest concentration of phenolic compounds in 20P + 80O mixture prevented the removal process due to high inhibitory effect of OMW. Anaerobic process of 70P + 30O and 50P + 50O mixtures provided the best results in removing the phenolic compounds (35% and 30%, respectively), indicating that their microbial consortia were able to degrade this kind of molecules, however, comparing the biogas volumes production, the 50P + 50O units needed about 27 days to start to accumulate gas and, probably, to degrade part of the initial phenolic compounds present in a higher concentration than in the 70P + 30O digesters (2.2 versus 1.7 g/L).



Some phenolic compounds have antioxidant activity due to their chemical and functional characteristics, not exactly because of the amount they are found in the sample. At the beginning of the experiment, the TP values increase with increasing OMW concentration in the mixture, 0.9 up to 2.7 g/L (Table 6), but the antioxidant activity remains constant, and the DPPH inhibition slightly decreases. This observation suggests the maintenance of compounds with antioxidant activity in all mixtures (about 1 mmol TEAC), and that the quantity of phenolic compounds with DPPH inhibitory capacity is much higher in the PE and 70P + 30O samples (81% and 79%, respectively). After anaerobic digestion, despite the low removal of TP in all samples, the values of DPPH inhibition are in accordance with the antioxidant activity, showing that the anaerobic treatment is a process able to remove or convert phenolic compounds, but it does not eliminate the antiradical power of the digested flows. This aspect was already reported by LaCara et al. [27].



The highest concentrations of nitrogen compounds, both total and ammonium, in the substrate, present in PE units, decreased as the volume of OMW in the mixture was increased (Table 7). In terms of anaerobic performance, it was again found that the 70P + 30O unit showed the highest increment of ammonia nitrogen after anaerobic digestion, indicating the existence of a balanced microbial population capable of degrading the organic matter.



All assay mixtures presented almost neutral pH that varied from 6.2 (20P + 80O) to 7.3 (PE) before anaerobic digestion (Table 7). At the end of the process, except for 20P + 80O, the increase in pH suggests the medium conditions for the effective removal of acidic compounds. PE acted as a buffer solution during the experiment due to the presence of high nitrogen content, counteracting the acidic nature of OMW (pH = 5.1, Table 3). The presence of PE in 70P + 30O helps to maintain the medium pH in values appropriate to the development and maintenance of the anaerobic process despite the high VFA concentrations in the substrate (3.9 g/L). On the contrary, 20P + 80O presented a lower quantity of acids than the former but it has a lower proportion of PE and, in addition, the highest concentration of phenolic compounds, which may have contributed to the mixture acidification and justify the acidic pH (5.7) obtained in the digestate.



Regarding VFA, PE digestion was able to reduce most acids (85%, Table 7), including the isobutyric and butyric acid (2.2 and 1.6 g/L as acetic, respectively, data not shown), confirming the presence of an active and balanced microbial population (bacteria and archaea) capable of converting these acids into CH4. While in 70P + 30O mixture, more than half of the initial VFA amount (55%) was converted; in 50P + 50O, it does not happen and a VFA concentration increase was observed at the end of the experiment. Indeed, an accumulation of VFA with a larger chain than acetic acid (propionic, isobutyric, and butyric, at concentrations of 3.1, 0.93 and 0.53 g/L, respectively, data not shown) was registered in the digested 50P + 50O mixture. This unexpected result reveals that although the process was not able to convert the acids that have accumulated, it has not been completely inhibited. Looking at the behavior of 50P + 50O in Figure 1, it is observed that these units do not present any stabilized production line (plateau) at the assay end, as seen in other cases, but a notable growth trend in the biogas production in the final stage. In line with the previous comments, this performance can be regarded as the result of some substrates degradation, after a slow adaptation period of microbial population, where the VFA may be included. Given this composition of the substrates, following Table 3, it is clear that acetic acid is the main component of VFAs in OMW, while PE has higher concentrations in longer chain acids than acetic acid: 39% versus 61% (OMW) and 25% versus 75% (PE) in acetic versus propionic, isobutyric and butyric, respectively. It is expected that as the amount of OMW in the mixture rises, the proportion of acids favorable to the development of the process, mainly composed by acetate, will increase and the conditions for its conversion will improve. In fact, the acetic acid content corresponds to increasing percentages of total acids (expressed as acetic acid) from 24% to 65% as the volumetric contribution of OMW in the mixtures increased. Concerning the digestates, while the conversion of VFA in acetate increased during the process of PE and 70P + 30O (from 24% and 58% in influent to 83% and 68% in effluent, respectively), it came down in the two other cases, confirming their inhibiting conditions. The most disadvantageous situation was found in 50P + 50O, with values of 59% in influent and 31% in effluent, compared to 20P + 80O mixtures (65% in influent and 57% in effluent).



Similar values were obtained for cumulative methane yield with anaerobic digestion of the mixture 70P + 30O and the sample PE, in which values of 489 and 434 L CH4/kg SVin were achieved, respectively (Table 8). In terms of energy, these substrates presented interesting values (between 4.87 and 4.32 KWh/kg SVin), which are of the same order of magnitude or even better than those reported in anaerobic digestion carried out with other substrates. This is the case of data obtained on the rice husk (4.36 KWh/kg SVin), coffee husk, or potato pulp with 1.78 and 3.99 KWh/kg SVin, respectively [47,48]. The complementarity of pig effluent mixtures containing more than 30% OMW (50P + 50O and 20P + 80O) is of no industrial interest, producing less than 178 L CH4/kg SVin and 1.77 KWh/kg SVin.



The recorded data suggests that the use of OMW to complement PE is feasible and is an advantageous way to provide treatment of both effluents, without additional expenses on substrate chemical correction or dilutions, and generate a digestate and biogas/methane. Despite this, it is only possible if a small proportion of OMW (about 30% v/v) is applied to produce methane in satisfactory amounts and avoid inhibitory effects on the digestion process. At higher volumes, OMW might hinder the microbial population, affecting the treatment.




3.3. Molecular Characterization of Microbial Communities


To compare the differences in the distribution of microorganisms, a microbial analysis of samples collected at the beginning (IN) and end (OUT) of the anaerobic digestion was conducted. Samples for microbial characterization were selected according to the best biogas/methane production, PE and 70P + 30O (IN and OUT).



After NGS analysis of microbial communities, the samples generated between 615,732 and 679,254 raw sequence reads, which corresponded to samples 70P + 30O (IN) and PE (OUT), respectively. A total of 723,289 sequences (721,887 bacterial and 1402 archaeal) were retrieved and analyzed. Libraries containing all samples were composed of a total 2522 OTUs (Table 9). Samples collected after anaerobic digestion (OUT) exhibit lower diversity indices than samples at the beginning of the assay (IN), which is confirmed by Shannon–Wiener index in Table 9. The decrease observed in index values for both samples, during anaerobic digestion period, confirms the occurrence of the microbial acclimation to these samples, to a good performance reactors achievement. The greater microbial diversity, both bacterial and archaeal, observed in the 70P + 30O mixture samples, justifies the higher methane yield and COD removals obtained for these samples.



In the case of microbial diversity analysis, it is necessary to know whether the number of reads of the sequencing reaches a reasonable amount so that more sequencing does not significantly increase species diversity. Figure 2 indicates that, with 97% similarity levels, the rarefaction curve was asymptotic, that is, a flat portion of observed OTUs was attained, representing that the sequencing was sufficient for all samples, and the dataset of sequences had thoroughly sampled diversity in this analysis and sufficient sequence depth was achieved.



As expected, bacteria predominated the microbial populations in all samples, accounting for more than 99.7% of relative abundance at domain level (Table 10). The discrepancy found between bacteria and archaea is usual, real, and has already been reported by other authors in anaerobic digestion processes [49,50,51]. After anaerobic digestion, relative abundance of archaeal domain decreased, being the most pronounced reduction observed in the mixture containing OMW.



Concerning bacterial sequences analyzed at phylum level, a majority (about 84%) were classified within three main phyla, Firmicutes, Bacteroidetes, and Proteobacteria (Figure 3). Most of the classes within the Proteobacteria were represented, Alpha-, Beta-, Gamma-, and Deltaproteobacteria, Tenericutes, Synergistetes, Spirochaeta, and Actinobacteria sequences were classified within minor phyla. Proteobacteria, Firmicutes, and Bacteroidetes are likely abundant in all anaerobic digestion systems and have been referred to by several authors (e.g., [49,52]). Furthermore, these phyla contain several species that are known to participate in one or more phases of the general anaerobic process. It was interesting to note that, although the samples came from pig effluents, no bacterial sequences (0%) were assigned to Enterobacteriales, indicating that the presence of common enteric pathogens was excluded from these anaerobic digestion reactors.



The predominant populations in PE (IN) were, respectively, Firmicutes (65%), Bacteroidetes (16%), δ-Proteobacteria (7%), and Actinobacteria (3%). In those samples, Clostridiales (57%, Figure 4a) mainly constituted most of the Firmicutes, Bacteroidales (15%, Figure 4b) mainly constituted Bacteroidetes, Desulfobacterales (1.8%, Figure 4c) mainly constituted Proteobacteria, and Corynebacteriales (1.8%, Figure 4d) mainly constituted Actinobacteria.



After anaerobic digestion of PE effluent, the predominance of the phylum Firmicutes increased in the bacterial population to 94% of the total microbiota, and Actinobacteria increased by about 29% (Figure 4a). Synergistetes suffered a decrease of 51%, Proteobacteria, 83%, and the remaining phyla, more than 90% of respective initial values. A similar behavior was observed in the 70P + 30O mixture, but with a more pronounced increase in phyla Firmicutes and Actinobacteria, and a smaller reduction in the phyla Synergistetes and Proteobacteria. The Actinobacteria populations in both essays were mostly represented by Corynebacteriales (Figure 4d), which has the capacity for nitrate reduction and assimilation that enables its growth under anaerobic conditions [53]. At the end of digestion, the Firmicutes’ populations in both essays were mostly represented by Clostridiales (85% in PE and 62% in 70P + 30O, Figure 4a), whose order consisted mainly of members of the families Lachnospiraceae (8% in PE and 9% in 70P + 30O, data not shown), XI (60% in PE and 32% in 70P + 30O, data not shown), and Ruminococcaceae (24% in PE and 42% in 70P + 30O, data not shown). Most of strains in Firmicutes, including Ruminococcaceae, might hydrolyze cellulose, glucose, starch, and proteins, into small molecular organic acids as acetate, highly contributing for improvement of the methane production yield [54,55]. It is worth noting the increase to 26% of Bacillales in the microbial community in the sample 70P + 30O, whose order consisted mainly of members of the family Planococcaceae (87% in PE and 99% in 70P + 30O, data not shown), known as good carbohydrate-utilizing species [54]. The other populations, more specifically Bacteroidetes, known to be proteolytic bacteria, became almost non-existent, suggesting that these two phyla might compete for the same resources and energy. They are known for their ability to degrade complex and recalcitrant organic matter such as proteins, lipids, and cellulose as well as simpler compounds such as amino acids and sugars, using hydrolytic enzymes [52]. Moreover, the high metabolic versatility of Firmicutes and Bacteroidetes suggests that cellulose residues from PE and other complex organic compounds, present in OMW, were degraded to form the acids [49,54,55,56,57,58]. Some Firmicutes are known to be syntrophic bacteria capable of degrading VFAs, such as butyrate and its analogs [52]. Buhlmann et al. [57] already mentioned that Bacteroidetes and Firmicutes have been identified as the main bacterial phyla present within digesters.



Regarding Archaea domain, considerable changes were also observed during anaerobic digestion. Of most archaeal sequences, 99% were classified within the phylum Euryarchaeota, and only nine sequences were assigned to the phylum Woesearchaeota, which were later not detected after anaerobic digestion.



Methanobrevibacter, which was initially the predominant genus on PE sample with a relative abundance of 72%, decreased its population to 10% (Figure 5). Methanospirillum, which represents only 6 and 9% of the archaea sequences assigned to the genus in PE and 70P + 30O samples, respectively, at the beginning of these assays, was not detected at the end of the anaerobic digestion since these microorganisms preferably utilize H2/CO2 over organic acids as substrate.



After anaerobic digestion, Methanosarcina became the predominant populations, increasing from 7% to 90%, in PE samples, while in 70P + 30O, the content of Methanobrevibacter and Mehanosarcina became predominant after the experiment, with relative abundances of 50% and 48%, respectively. The presence of Methanosarcina in the two mixtures suggests methane formation mainly from acetate [56,59,60], and these results are accordingly with the VFA removals (Table 7), indicating that methane production occurred mainly through acetoclastic methanogenesis. Unlike Methanosarcina, Methanosaeta is an obligately acetoclastic methanogen, reported in the literature as predominant in anaerobic digestion systems [49], however, it was detected only at the beginning of the tests, in the PE and 70P + 30O samples, with 2.5% of assigned sequences, and was not detected at the end of the anaerobic digestion. According to Cho et al. [59], this situation can be explained by the difference in maximum specific growth rate (µmax) and half-saturation constant (Ks) between these two genera. While Methanosaeta spp. have a low µmax of 0.20 d−1 and a Ks of 10–50 mg COD/L, Methanosarcina spp. are characterized by a high µmax of 0.60 d−1 and a Ks of 200–280 mg COD/L. As a result, Methanosaeta spp. are known to be dominant at acetate concentrations not exceeding 100–150 mg COD/L, whereas Methanosarcina spp. became dominant at acetate concentrations above 250–500 mg COD/L [61]. Thus, higher concentrations of VFA (especially acetate) seemed to create favorable conditions for Methanosarcina spp. to be dominant. The higher biogas composition in methane (around 70%) in PE and 70P + 30O samples (Figure 1), indicates the presence of an active methanogenic archaea population in both assays. In addition, the greater microbial diversity index of methanogens (2.16 vs. 1.45, Table 9) found in the 70P + 30O samples explains the higher cumulative CH4 yield (489 L CH4/kg SVin) obtained in this assay, relative to PE sample.



A final note must be made regarding the absence of the use of inoculum in this work. In an anaerobic digestion process, it is common and sometimes relevant to use a good inoculum since methane yield is closely dependent on their microbial community composition [58]. From the obtained results, it was demonstrated that one farmer has the possibility to carry out the effluents treatment, under anaerobic digestion conditions, without resorting to pre-treatments, dilutions, and/or corrections of the substrate or needing inoculum. The piggery effluent allowed to balance the composition of OMW while simultaneously it worked as the inoculum of the process. Further studies under batch and continuous anaerobic digestion mode will allow us to confirm the effectiveness and the benefits of the process pointed in this work.



In addition, if OMW is produced in the vicinity of a piggery effluent, it could be valorized in the same plant, in a proportion of about 30% v/v, and contribute to solve advantageously the treatment of that seasonal wastewater, without other correction needs. The complementarity between OMW and PE is beneficial for the stable structure of one microbiota on the effective anaerobic digestion process, this approach bringing financial, social, and environmental advantages.





4. Conclusions


The concept of complementarity of effluents was successfully applied to the anaerobic digestion of piggery effluent, using the olive mill wastewater as complement, under mesophilic and batch conditions. The organic composition of PE allowed to dilute and counteract the toxic compounds of OMW and make the stable conditions for the microbiota, in order to degrade the effluents and produce biogas/methane. The best result was obtained at tested proportions of 30% (v/v) OMW in the mixture containing PE, in which about 0.80 L of biogas (70% CH4) was produced. At these conditions, a methane yield of 489 L CH4/kg SVin and energetic value of 4.87 KWh/kg SVin was reached.



The molecular analysis showed that changes on the structure of microbial communities occurred during the experiments, involving the reduction of the initial population diversity, towards an acclimation to the operational conditions in the anaerobic processes. Organic composition changes, mainly VFAs degradation (in terms of acetic acid) had a clear relation with microbial structure changes during the anaerobic digestion of OMW complemented with PE. At the end of the anaerobic process, the predominant microbial sequences belonging to the best condition (70P + 30O) were assigned to bacterial phylum Firmicutes (90%) and archaeal genera Methanobrevibacter and Mehanosarcina (50 and 48%, respectively). In future studies, it will be interesting to further characterize microbial diversity and its function in terms of substrate complementarity in anaerobic digestion systems.
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Figure 1. Anaerobic digestion of PE and OMW mixture: biogas production. STP—Standard temperature and pressure. 
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Figure 2. Alpha rarefaction curves for the occurrence with which OTUs were detected at each sample. Relative abundance of bacterial and archaea groups was determined in terms of the percentage of total number of sequences in each sample. 
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Figure 3. Relative abundance of Bacteria phyla. Other phyla were not considered in this discussion due to their low presence (0.01–1.2%): Armatimonadetes; Atribacteria; BRC1; Chlamydiae; Chlorobi; Chloroflexi; Cloacimonetes; Cyanobacteria; Deinococcus-Thermus; Fibrobacteres; Fusobacteria; Hydrogenedentes; Lentisphaerae; Microgenomates; Nitrospinae; Parcubacteria; Planctomycetes; Saccharibacteria; Verrucomicrobia; WS6; unidentified bacteria. 
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Figure 4. Relative abundances of orders (a) Firmicutes (b) Bacteroidetes, (c) α-Proteobacteria, β-Proteobacteria, δ-Proteobacteria, and γ-Proteobacteria, and (d) Actinobacteria composition in samples from anaerobic digestion experiments. The abundance is presented in terms of a percentage of the total number of sequences in a sample. 
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Figure 5. Relative abundance of Archaea genera. Other genera were not considered in this discussion due to their low presence (0.79–1.77%) in samples: Methanogenium; unidentified archaeon. 
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Table 1. Anaerobic digestion in batch conditions.
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Effluents

	
Test Time

(d)

	
Mixture

	
Test Unit

Label






	
- Olive mill wastewater

	
0–73

	
100% PE

	
P




	
(OMW)

	
70% PE + 30% OMW

	
70P + 30O




	
- Piggery effluent

	
50% PE + 50% OMW

	
50P + 50O




	
(PE)

	
20% PE + 80% OMW

	
20P + 80O
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Table 2. Effluents: Chemical composition.
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	Effluents
	COD

(g/L)
	TS

(g/L)
	VS

(g/L)
	TN

(g/L)
	NH4+-N

(g/L)





	OMW
	106 ± 1
	32 ± 0
	26 ± 0
	0.2 ± 0.0
	0.001 ± 0.00



	PE
	93 ± 5
	47 ± 1
	32 ± 1
	4.9 ± 0.3
	3.21 ± 0.02







COD—chemical oxygen demand; TS and vs.—total and volatile solids; TN—total nitrogen.
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Table 3. Effluents: Volatile fatty acids and pH.
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	Effluents
	Acetic Acid (g/L)
	Propionic Acid (g/L Aac)
	Isobutyric Acid (g/L Aac)
	Butyric Acid (g/L Aac)
	Total

(g/L Aac)
	pH





	OMW
	0.21
	0.06
	0.11
	0.16
	0.55
	5.1



	PE
	1.37
	0.56
	2.16
	1.54
	5.64
	7.3







Aac—Acetic acid.
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Table 4. Effluents: Antioxidant activity and total phenolic content.
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	Effluents
	Antioxidant Activity

(mmol TEAC)
	DPPH Inhibition (%)
	TP

(g/L)





	OMW
	0.80 ± 0.07
	61 ± 3
	3.1 ± 0.0



	PE
	1.11 ± 0.01
	81 ± 1
	0.9 ± 0.0







DPPH—2,2-diphenyl-2-picrylhydrazyl hydrate; TP—total phenols.
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Table 5. Anaerobic digestion of PE + OMW: Performance and biogas/methane production.
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Mixture

	
COD

	
Total and Volatile Solids




	
CODin (g/L)

	
CODr (%)

	
TSin (g/L)

	
TSr (%)

	
VSin (g/L)

	
VSr (%)






	
PE

	
93 ± 5

	
63 ± 6

	
47 ± 1

	
17 ± 2

	
32 ± 1

	
29 ± 2




	
70P + 30O

	
81 ± 3

	
75 ± 0

	
40 ± 0

	
21 ± 2

	
28 ± 0

	
36 ± 4




	
50P + 50O

	
77 ± 3

	
48 ± 1

	
38 ± 0

	
16 ± 3

	
28 ± 0

	
22 ± 3




	
20P + 80O

	
73 ± 1

	
29 ± 2

	
33 ± 1

	
21 ± 1

	
25 ± 1

	
25 ± 0








COD—chemical oxygen demand; TS and vs.—total and volatile solids; in—initial; r—removal.
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Table 6. Anaerobic digestion of PE + OMW: Antioxidant activity and total phenolic (TP) content.
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Mixture

	
TPin (g/L)

	
TPr

(%)

	
Antioxidant Activity

(mmol TEAC)

	
DPPH Inhibition

(%)




	
Initial

	
Final

	
Initial

	
Final






	
PE

	
0.9 ± 0.0

	
3 ± 0.0

	
1.1 ± 0.0

	
0.6 ± 0.1

	
81 ± 1

	
30 ± 8




	
70P + 30O

	
1.7 ± 0.0

	
35 ± 0.0

	
1.1 ± 0.0

	
0.4 ± 0.1

	
79 ± 0

	
10 ± 7




	
50P + 50O

	
2.2 ± 0.0

	
30 ± 0.0

	
1.0 ± 0.0

	
1.3 ± 0.0

	
74 ± 1

	
69 ± 2




	
20P + 80O

	
2.7 ± 0.0

	
7 ± 0.0

	
0.9 ± 0.0

	
1.3 ± 0.0

	
68 ± 0

	
69 ± 1








DPPH = 2,2-diphenyl-2-picrylhydrazyl hydrate; in—initial; r—removal.
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Table 7. Anaerobic digestion of PE + OMW: Total and ammonium nitrogen, pH and VFA.






Table 7. Anaerobic digestion of PE + OMW: Total and ammonium nitrogen, pH and VFA.





	
Mixture

	
pH

	
Total Nitrogen

	
Ammonia Nitrogen

	
VFA




	
pHin

	
pHf

	
TNin (g/L)

	
TNr

(%)

	
NH4+-Nin (g/L)

	
NH4+-Nr (%)

	
Total VFAin (g/L AAc)

	
Total VFAr (%)






	
PE

	
7.3

	
8.1

	
4.9 ± 0.3

	
-

	
3.2 ± 0.0

	
−21 ± 4

	
5.7

	
85




	
70P + 30O

	
6.9

	
7.9

	
1.8 ± 0.0

	
3.0 ± 0.0

	
1.3 ± 0.1

	
−88 ± 38

	
3.9

	
55




	
50P + 50O

	
6.7

	
7.3

	
1.3 ± 0.0

	
2.2 ± 1.5

	
0.8 ± 0.3

	
−14 ± 6

	
3.7

	
−81




	
20P + 80O

	
6.2

	
5.7

	
0.6 ± 0.0

	
5.7 ± 0.0

	
0.3 ± 0.0

	
13 ± 5

	
2.8

	
52








TN—total nitrogen; VFA—volatile fatty acids; in—initial; f—final; r—removal; AAc—in terms of acetic acid.
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Table 8. Energy potential of PE + OMW mixtures used as feedstock in anaerobic digestion.






Table 8. Energy potential of PE + OMW mixtures used as feedstock in anaerobic digestion.





	Mixture
	Cumulative CH4 Yield

(L CH4/kg SVin)
	Energy Content

(KWh/kg SVin)





	PE
	434 ± 3
	4.32 ± 0.03



	70P + 30O
	489 ± 8
	4.87 ± 0.08



	50P + 50O
	178 ± 29
	1.77 ± 0.29



	20P + 80O
	6.3 ± 0.3
	0.06 ± 0.00
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Table 9. Sequencing summary and microbial community (bacteria and archaea) diversity index of samples.






Table 9. Sequencing summary and microbial community (bacteria and archaea) diversity index of samples.





	
Sample

	
No. of Sequences

	
OTU

	
Shannon–Wiener Index




	
Bacteria

	
Archaea






	
PE (IN)

	
193,742

	
1623

	
3.52

	
2.95




	
PE (OUT)

	
206,714

	
779

	
1.38

	
1.45




	
70P + 30O (IN)

	
181,834

	
1819

	
4.79

	
4.45




	
70P + 30O (OUT)

	
140,999

	
610

	
1.64

	
2.16




	
Total

	
723,289

	
4831

	
-

	
-
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Table 10. Relative abundance of bacteria and archaea domains.






Table 10. Relative abundance of bacteria and archaea domains.





	
Sample

	
Relative Abundance (%)




	
Bacteria

	
Archaea






	
PE IN

	
99.73

	
0.26




	
PE OUT

	
99.87

	
0.13




	
70P + 30O IN

	
99.71

	
0.28




	
70P + 30O OUT

	
99.92

	
0.08
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